The dominant role of substituted side chains in organic semiconductors is to increase the solubility in common organic solvents. In the recent past, many literature reports suggest that the side chains play a critical role in molecular packing and strongly impact charge transport properties of conjugated polymers. In this work, we have investigated the influence of side-chains on the charge transport behavior of a novel class of diketopyrrolopyrrole (DPP) based alternating copolymers. To investigate the role of side-chains, we prepared four diketopyrrolopyrrolediketopyrrolopyrrole (DPP-DPP) conjugated polymers with varied side-chains and carried out a systematic study of thin film microstructure and charge transport properties in polymer thin-film transistors (PTFT). Combining results obtained from grazing incidence X-ray diffraction (GIXD) and charge transport properties in PTFTs, we conclude side-chains have a strong influence on molecular packing, thin film microstructure, and the charge carrier mobility of DPP-DPP copolymers. However, the influence of side-chains on optical properties was moderate. The preferential "edge-on" packing and dominant n-channel behavior with exceptionally high fieldeffect electron mobility values of >1 cm 2 V -1 s -1 were observed by incorporating hydrophilic (triethylene glycol) and hydrophobic side-chains of alternate units of the DPP. In contrast, moderate electron and hole mobilities were observed by incorporation of branched hydrophobic side-chains. This work clearly demonstrates that the subtle balance between hydrophobicity and hydrophilicity induced by sidechains is a powerful strategy to alter the molecular packing and improve the ambipolar charge transport properties in DPP-DPP based conjugated polymers.
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The dominant role of substituted side chains in organic semiconductors is to increase the solubility in common organic solvents. In the recent past, many literature reports suggest that the side chains play a critical role in molecular packing and strongly impact charge transport properties of conjugated polymers. In this work, we have investigated the influence of side-chains on the charge transport behavior of a novel class of diketopyrrolopyrrole (DPP) based alternating copolymers. To investigate the role of side-chains, we prepared four diketopyrrolopyrrolediketopyrrolopyrrole (DPP-DPP) conjugated polymers with varied side-chains and carried out a systematic study of thin film microstructure and charge transport properties in polymer thin-film transistors (PTFT). Combining results obtained from grazing incidence X-ray diffraction (GIXD) and charge transport properties in PTFTs, we conclude side-chains have a strong influence on molecular packing, thin film microstructure, and the charge carrier mobility of DPP-DPP copolymers. However, the influence of side-chains on optical properties was moderate. The preferential "edge-on" packing and dominant n-channel behavior with exceptionally high fieldeffect electron mobility values of >1 cm 2 V -1 s -1 were observed by incorporating hydrophilic (triethylene glycol) and hydrophobic side-chains of alternate units of the DPP. In contrast, moderate electron and hole mobilities were observed by incorporation of branched hydrophobic side-chains. This work clearly demonstrates that the subtle balance between hydrophobicity and hydrophilicity induced by sidechains is a powerful strategy to alter the molecular packing and improve the ambipolar charge transport properties in DPP-DPP based conjugated polymers.
Theoretical analysis supports the conclusion that the side-chains influence polymer properties through morphology changes as there is no effect on the electronic properties in the gas phase. The exceptional electron mobility is at least partially caused through the strong intramolecular conjugation of the donor and acceptor as evidenced by the unusually wide conduction band of the polymer.
Introduction
Charge transport properties of π-conjugated polymers are affected by many factors:
regioregularity, molecular weight, crystallinity, nature of the alkyl chains, and fabrication of thin film in electronic devices. The length and branching of side-chains has been found to have a profound impact on charge transport behaviour. 1 Traditionally, side-chains were introduced to impart solubility in π-conjugated polymers. [2] [3] [4] [5] The increased solubility of polymers improves the processability of thin films in common organic solvents and leads to high degree of polymerization during the synthesis of polymers. 6, 7 In the recent past, tremendous effort has been made to understand the role of side-chains on molecular packing and charge-carrier transport
properties of π-conjugated polymers in thin-film transistors. Figure   1 . While a reduction potential greater than +0.57 V vs SCE would be required to prevent the oxidation of polymeric anions by oxygen. In experimental conditions, however, significant over potentials (0.5 V) are expected; therefore positive electrode potential is required for the electrochemical stability of n-type materials under ambient conditions. This relationship has been further supported by the observation that the n-channel organic thin-film transistors (OTFT) devices recover their activity when re-measured under vacuum, after ambient exposure. 16 In view of these facts, it is surprising to observe n-channel OTFTs at ambient conditions. However, through appropriate synthetic routes and rational molecular design, several n-type molecular and polymeric semiconductors have been synthesized exhibiting OTFT electron mobilities of 0.1-2.0 cm 2 V -1 s -1 under inert/nitrogen atmosphere as well as at ambient atmosphere. [16] [17] [18] [19] [20] By satisfying de Leeuw's hypothesis, our group has reported high electron mobility of 3 cm 2 V -1 s -1 for diketopyrrolopyrrole-diketopyrrolopyrrole based conjugated polymer. 21 The polymer was substituted with hydrophobic and hydrophilic side-chains on alternate units of DPP. The observation of such high electron mobility is striking, 
Results and Discussions

Synthesis and Characterization
The synthetic route for the monomers and copolymers is outlined in Scheme 1 and Table 1 . The results obtained from GPC analysis showed unusually high polydispersity and bimodal distribution. The low solubility of polymers in common organic solvents leads to aggregation at room temperature, which severely affects the polydispersity of conjugated polymers. Similar aggregation behavior has been observed in many DPP based conjugated polymers even at high temperatures.
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Electronic Structure and Optical Properties
The copolymers designed in this work with the DPP-DPP as a strong electrondeficient unit along the polymer chain exhibit unique optical and electronic properties.
The optical absorption spectra of 2DPP-OD-TEG, 2DPP-OD-HE, 2DPP-OD-EH and 2DPP-OD-OD in chloroform and in thin film are shown in Figure 3 and significant optical properties are summarized in Table 1 . The absorption spectra of these copolymers in solution and in thin film exhibit a vibronically structured band with an onset at 1000 nm. The spectrum shows typical characteristics of homopolymers rather than alternating donor-acceptor copolymers. The striking difference noted in this family of DPP-DPP polymers are the huge red shift > 300 nm and high oscillator strength of the low energy band with exceptionally high molar extinction coefficient, while the intensity of the band observed at 400 nm is very low. The high oscillator strength and red shift of the low energy band suggests a longer conjugation length caused by the strong intermolecular interactions of the donor-acceptor repeating unit of polymer backbone that was enhanced by an increased degree of coplanarity. Such 
Thermal Properties
The thermal stability of these copolymers was investigated by thermal gravimetric analysis (TGA) and the data is given in SI. The thermal stability of molecular semiconductors is an important parameter. Thin films are often exposed to harsh environments during device fabrication such as thermal annealing during the evaporation of top electrode. TGA analysis of the copolymers indicates stability above 
Thin Film Morphology
The thin film morphology and roughness of the semiconductor layer is critical in improving the performance of OTFTs and OPVs. A large donor-acceptor interface is 
Thin Film X-ray Diffraction Studies
The effect of side chains on the thin film microstructures and the orientation of polymer crystallites on substrates was investigated by wide angle X-ray diffraction 
Figure 6: Thin film X-ray diffraction of DPP-DPP copolymers (a) 2DPP-OD-TEG (b) 2DPP-OD-HE (c) 2DPP-OD-EH (d) 2DPP-OD-OD on a Si substrate
Copolymers with branched alkyl chains such as 2DPP-OD-EH and 2DPP-OD-OD
show reduced crystallinity or amorphous nature. Copolymer 2DPP-OD-OD with repetitive dodecyl alkyl chains did not show small angle peaks, implying longer branched dodecyl alkyl chains prevent strong solid state packing.
Although the wide angle XRD is a powerful tool to probe the overall crystallinity of macromolecules, it is difficult to identify the mixed phases present in the thin film and the molecular packing of conjugated polymers, especially in the out-of-plane (q z ) and in-plane (q xy ) directions of the polymer backbone. These are crucial for charge transport properties in PTFT. We carried out grazing-incidence X-ray diffraction (GIXD) experiments to extract the orientation of the polymer crystallites by casting polymer thin films on Si substrates. GIXD experiments were performed to understand the influence of solubilizing chains in DPP polymers on the resultant thin film morphology. Figure 8a shows the GIXD pattern and correspond line cuts of 2DPP-OD-HE spin coated onto Si substrates. The diffractogram shows that the diffractions align vertically along the (h00) Bragg peaks, which display a lamellar texture that adopt an edge-on orientation.
The reflections associated with the π-π stacking are most intense along the Q xy plane, which shows that the orientation of this stacking is mostly parallel to the substrate.
The lamellae (h00) are associated with a d-spacing of 20 Å (Figure 8a ), the in-plane π-π stacking (010) peak has a d-spacing of 3.6 Å. Branching is introduced in 2DPP-OD-EH with 2-ethyl hexyl chains, and Figure 8b shows branching increases the misalignment of the polymer, as a significant arching of these peaks can be seen, indicating that the crystallites are no longer completely aligned perpendicular to the substrate, but more randomly oriented. Figure 8c shows a thin film of 2DPP-OD-OD which exhibits a dual texture of face-on and edge-on alignment as the (h00) reflection
shows both out-of-plane and in-plane orientation.
Figure 8: GIXD pattern and intensity profiles of as-spun 2DPP-OD-HE (a) 2DPP-OD-EH (b) and 2DPP-OD-OD (c) thin films Density Functional Theory (DFT) Calculations
Electronic structure and molecular geometry were investigated with density functional theory (DFT). Monomers through tetramers of the DPP were optimized at the B3LYP/6-31G* level of theory. Octadecyl side groups were replaced with methyl groups. For the R group (compare scheme 1), TEG and methyl groups were tested.
Because no differences between electronic structures of oligomers with TEG and methyl side-groups were found, all further calculations were done with methyl groups.
The side-chains do not influence the electronic properties in the gas phase, confirms that the effects of different substituents occur through morphology changes. UV- The oligomers are planar even in the gas phase, allowing for optimal conjugation along the chain. The four highest occupied and the four lowest unoccupied molecular orbitals of 4DPP are shown in Figure SI4 . In spite of the (thiophene) donor and (DPP) acceptor character, the electron density in HOMO and LUMO is delocalized over donor and acceptor units. Only a slight tendency towards localization is observed for the lower lying occupied orbitals. This is in contrast to benzothiadiazole (BDT) copolymers where the LUMO is mainly localized on the BDT units. 33 As a result of the delocalized nature of orbitals, valence and conduction bands of the polymer, obtained by extrapolation of the band edges ( Figure 9 ) are both wide. In stark contrast to copolymers containing BDT, the conduction band is wider than the valence band. 34 Thus, theory predicts higher intramolecular electron than hole mobility, in agreement with the experimentally observed high ambipolar mobility in OFETs. Charges in the individual thiophene and DPP rings were evaluated with NBO analysis. In the ground state, DPP units are negatively charged with -0.15 e, reflecting the donor-acceptor character of the system. Upon excitation, however, the charge decreases to -0.14 e. Thus, there is practically no charge transfer upon excitation and Page 16 of 26 Physical Chemistry Chemical Physics the small charge transfer that does occur, shifts electron density from DPP to thiophene. As a result, the low energy band does not have charge transfer character, it is rather a π−π* transition similar in nature to those in homopolymers. This is again in contrast to BDT copolymers where a charge transfer of 0.16 e from thiophene to BDT occurs upon excitation.
Figure 10. UV-spectra of 1DPP-4DPP at B3LYP/6-31G*
The electronic spectra of 1DPP-4DPP in Figure 10 demonstrate that there is a strong red-shift accompanied by a large increase in oscillator strength upon chain length extension. This is evidence for strong conjugation along the polymer backbone.
The weak absorptions at higher energy are red-shifted, but change very little in intensity upon chain length increase. Analysis of the electron configurations contributing to the bands reveals that the strong low energy absorption is a HOMO-LUMO π−π * transition and the higher energy absorptions involve HOMO-1 through HOMO-3 and LUMO+1 through LUMO+3 just like in homopolymers.
In summary, theoretical analysis reveals that DPP-DPP copolymers differ significantly from their BDT analogues although the LUMO of DPP lies only 0.05 eV higher in energy than that of BDT. All theoretical and experimental results agree that DPP copolymers behave more like homopolymers with a single, strong, low-energy absorption. The exceptional electron mobility in this system is a result of the strong interaction between donor and acceptor in ground and excited states that is reflected in the wide conduction band and the large red-shift and high oscillator strength of the low-energy absorption.
Organic Field-Effect Transistor Measurements
The copolymers were tested using (1) bottom-gate bottom-contact (BG-BC) and (2) top-gate bottom-contact (TG-BC) transistor configurations. BG-BC devices were made from Si/SiO 2 substrates with pre-patterned Au source/drain electrodes. The surface of SiO 2 was treated with hexamethyldisilazane (HMDS) in order to passivate its surface and prevent formation of charge trapping states. The polymer semiconductor layer was spun on top of the substrates to complete the transistor fabrication followed by thermal annealing at 140 º C in nitrogen. TG-BC transistors were fabricated onto glass substrates containing pre-patterned Al source/drain electrodes. 35 The semiconducting polymer solution was then spun-cast onto the substrates at room temperature in nitrogen atmosphere. Following, the insulating fluoropolymer CYTOP (Ashai Glass) was sequentially spin casted directly onto the semiconducting polymer at room temperature followed by annealing at 100 ℃ for 5 minutes. Device fabrication was completed with the evaporation of the Al gate electrodes by thermal evaporation under high vacuum (10 -6 mbar). Table 2 . Charge carrier mobility in the saturated operating regime was extracted using Equation (1) (1)
BG-BC
where, I DS is the source-drain current, V G is the applied gate voltage, V t is the threshold Since V th is a measure of charge trapping sites present at the dielectric/polymer interface (i.e.
Page 18 of 26 Physical Chemistry Chemical Physics the semiconducting channel), the difference in the V th most likely indicates the presence of a larger concentration of traps in the case of 2DPP-OD-EH devices possibly due to branching which introduces increase structural, and hence energetic, disorder in the solid film as compared to devices based on 2DPP-OD-HE. The polymer with triethylene glycol chains (2DPP-OD-TEG), on the other hand, shows low V th and higher charge carrier mobility (Table 2 ). will further validate the potential of DPP-based conjugated polymers. We also make a note that molecular weight has a strong influence on charge carrier mobilities of these polymers.
